Fluid administration has been reported to be associated with an increased risk of acute kidney injury (AKI). We assessed whether, after correction for fluid balance, amount and chloride content of fluids administered have an independent association with AKI. We performed an observational study in patients after major surgery assessing the independent association of AKI with volume, chloride content and fluid balance, after adjustment for Physiological and Operative Severity Score for enUmeration of Mortality and morbidity (POSSUM) score, age, elective versus emergency surgery, and duration of surgery. We studied 542 consecutive patients undergoing major surgery. Of these, 476 patients had renal function tested as part of routine clinical care and 53 patients (11.1%) developed postoperative AKI. After adjustments, a 100 ml greater mean daily fluid balance was artificially associated with a 5% decrease in the instantaneous hazard of AKI: adjusted Hazard Ratio (aHR) 0.951, 95% confidence intervals (CI) 0.935 to 0.967, P <0.001. However, after adjustment for the proportion of chloriderestrictive fluids, mean daily fluid amounts and balances, POSSUM morbidity, age, duration and emergency status of surgery, and the confounding effect of fluid balance, every 5% increase in the proportion of chloride-liberal fluid administered was associated with an 8% increase in the instantaneous hazard of AKI (aHR 1.079, 95% CI 1.032 to 1.128, P=0.001), and a 100 ml increase in mean daily fluid amount given was associated with a 6% increase in the instantaneous hazard of AKI (aHR 1.061, 95% CI 1.047 to 1.075, P <0.001). After adjusting for key risk factors and for the confounding effect of fluid balance, greater fluid administration and greater administration of chloride-rich fluid were associated with greater risk of AKI.
Intravenous (IV) fluid therapy can result in both quantityand quality-related complications. Quantity-related complications (fluid overload) can result in organ congestion with compromised blood flow and are associated with increased mortality and poorer outcomes 1, 2 . Quality-related (fluid type) complications, in particular those related to synthetic colloids 3, 4 and perhaps chloride-liberal fluids [5] [6] [7] [8] are associated with acute kidney injury (AKI). Both may be modifiable risk factors for AKI. Although notable differences in the physiochemical composition of IV fluids exist, there is limited available prospective data to assess any independent relationships with type of fluid, volume of fluid, and fluid balance, and the development of AKI after major surgery. Moreover, their association may be affected by confounding impact of creatinine dilution associated with a positive fluid balance 9 . Accordingly, we conducted a prospective observational study to investigate current fluid therapy practice in major surgery in an Australian teaching hospital setting. The primary aim was to investigate the association between the amount of fluid (quantitative toxicity) and type of fluid (qualitative toxicity), and the development of AKI within the first three postoperative days after correction for the confounding effect of fluid balance. Specifically, we hypothesised that greater fluid administration and chloride-rich fluid administration would be independently associated with an increased risk of AKI, even after correcting for the impact of the creatininediluting fluid balance on the assessment of AKI.
Methods
The study was approved by the Austin Health Human Research Ethics Committee (LNR/14/Austin/90) and Table 1. Inclusion criteria included adult patients, undergoing surgery of greater than two hours duration and requiring at least one night of postoperative stay. Exclusion criteria included age less than 18 years, liver or renal transplantation (due to the protocolised fluid-specific requirements of these surgeries), and patients with greater than grade 2 chronic kidney disease (Kidney Disease: Improving Global Outcomes [KDIGO] classification definition) 10 . In order to investigate the association between the amount of fluid (quantitative toxicity), the type of fluid (qualitative toxicity), fluid balance, and the development of AKI within the first three postoperative days, we first developed a conceptual model to reflect potential associations between the outcome-the development of AKI, as defined by the KDIGO classification-and the following key patient-, surgery-, and fluid-related factors:
Preoperative patient factors:
a. P-POSSUM score: as the American Society of Anesthesiologists (ASA) grade has been considered too simple and subjective 11, 12 , we used the Portsmouth Physiological and Operative Severity Score for the enUmeration of Mortality and morbidity (P-POSSUM) as a more accurate metric of surgical perioperative risk [13] [14] [15] . b. Patient age: elderly patients often present with reduced physiological reserves, and comorbidities can limit treatment options and promote complications [16] [17] [18] .
Operative factors:
a. Elective versus emergency surgery 19, 20 . b. Increased operative duration (in hours) 21 .
Fluid-specific factors:
a. Percentage of chloride-liberal and restrictive fluid administered (in 5% increments of the total fluid administered) 7, 22 . b. Mean daily fluid volume (in 100 ml increments) administered either until the development of AKI, or in the absence of AKI, to postoperative Day 3 23 . Mean daily fluid volume was chosen in preference to the total fluid volume to avoid the potential for reverse causality where a shorter intervention period would artificially result in lower total fluid volume. c. Intraoperative fluid balance (in 100 ml increments) [24] [25] [26] . d. Mean daily fluid balances either until the development of AKI, or in the absence of AKI, to postoperative Day 3 24, 25 . We defined chloride-liberal fluid as IV fluids with chloride concentrations above our institution's normal reference laboratory range, as outlined in Table 1 . We defined chloriderestrictive fluid as IV fluids with chloride concentrations within our institution's normal reference laboratory range, as outlined in Table 1 . P-POSSUM scores were collected by a third and independent clinician using a validated online scoring system (http://www.riskprediction.org.uk/index-pp. php). Physiological and operative parameters were entered into the scoring system to calculate separate physiology and operative scores, which we used in the conceptual model as a prediction of morbidity and mortality risk. Specifically, we calculated the fluid volumes, balances and specific type of fluid administered until AKI within three postoperative days, or in the absence of AKI, for the first three postoperative days. All fluid balances were calculated by subtracting total output (urine output, blood loss, loss from drains and vomitus) from total input (all IV fluid intervention, parenteral medications, feeding, and oral water intake). Intraoperative third space losses were considered negligible and not included in any fluid balance calculations.
Other outcomes collected included patient characteristics, comorbidities, ASA class, type and duration of surgery, and length of hospital stay. Data was extracted from the patients' electronic medical records and Austin Hospital's computerised laboratory results by two independent study investigators. Austin Health utilises Cerner® (Cerner Corporation, North Sydney, NSW) electronic medical records that allow comprehensive electronic data capture and access to patient health information in the perioperative setting.
Statistics
To investigate the potential extent of selection bias, the main characteristics of patients who had complete renal function data (i.e. serum creatinine and estimated glomerular filtration rate sampled as part of routine care) and those who did not, were summarised as medians (interquartile ranges) for continuous data and as counts (proportions) for categorical data and compared using Wilcoxon-MannWhitney and the Fisher's exact tests respectively. Differences in baseline characteristics between patients with AKI and those without AKI were then presented and analysed in a similar fashion. The adjusted associations between AKI within three days postoperatively and the a priori chosen covariates specified in the conceptual model were investigated using Cox proportional hazards regression modelling for the timeto-AKI analysis (censored at three days) and binary logistic regression modelling for AKI occurrence. Corresponding effect sizes were reported as hazard ratios or odds ratios with 95% confidence intervals (95% CIs), respectively. All P-values of less than 0.05 were treated as indicative of statistical significance and no correction for multiplicity of testing was undertaken due to the exploratory nature of the study. A standard analysis of collinearity and fit was applied to the regression model. Lastly, additional analysis was undertaken to analyse the robustness of the results by including ASA status. The reporting of data is in accordance with the Strengthening the Reporting of Observational studies in Epidemiology (STROBE) guidelines for observational studies 27 .
Results
Over the study period, 4,325 patients underwent surgery. Of these, 3,783 were excluded as they did not satisfy the study criteria: 1,239 patients were day case surgery only, 2,501 patients had surgery of less than two hours duration, 14 patients underwent liver transplantation, seven patients underwent renal transplantation, and 22 patients had chronic kidney disease. Five hundred and forty-two patients fulfilled the inclusion criteria. The flow diagram of patient selection is presented in Figure 1 . Most patients were male, elderly and overweight and with at least one pre-existing medical comorbidity. Overall, 266 patients (49%) were ASA class 3, and 81 patients (15%) were ASA class 4. Emergency procedures accounted for a quarter of all surgeries. Most patients (84%) received a general anaesthetic; 76 patients (14%) received combined general/regional anaesthesia, and 14 patients (2.6%) received regional anaesthesia only. The most common type of surgery was orthopaedic surgery, followed by cardiothoracic surgery and abdominal surgery.
Chloride-liberal fluids were administered in greater amounts and more frequently than chloride-restrictive fluids. Hartmann's solution was the most common fluid and was administered to 448 (83%) patients, followed by Plasma-Lyte in 170 patients (31%) and saline in 26 patients (5%). Albumin was the only intraoperative colloid administered: 61 patients (11%) received 20% albumin, while 37 patients (7%) received 4% albumin. Forty-nine patients (9%) received blood and 50 patients (9%) received other blood products, e.g. fresh frozen plasma, platelets or cryoprecipitate. Sixty-six (12.1%) patients did not have complete renal function tested as part of their index hospital admission. Patients who did not have renal function testing were younger, had shorter durations of surgery, and had lower POSSUM scores. Differences in perioperative variables in patients with complete and incomplete renal function testing are summarised in Patients who developed AKI were more likely to be older, have limited function due to systemic disease (higher ASA) or altered physiology (higher POSSUM physiological score) including anaemia, and to have more invasive or complex surgery (increased surgery duration and operative POSSUM score). The median (interquartile range [IQR]) volume of fluid administered intraoperatively in patients with and without AKI was 2,000 ml (2,000-3,000 ml), with almost identical and comparable fluid balances.
Postoperatively, the median (IQR) volumes of fluid administered until AKI or postoperative day three were 6,988 ml (4,075-10,575 ml) in patients without AKI versus 6,101 ml (4,450-8,758 ml) in patients with AKI; P=0.181. In contrast, median (IQR) fluid balance until AKI or day three was 2,000 ml (1,200-2,400 ml) in patients without AKI versus 188 ml (-943-1,368 ml) in patients with AKI; P ≤0.001 (Table 3) . Of the patients who developed AKI, 36 (68%) developed AKI on postoperative day 1, 13 (24.5%) on postoperative day 2, and 4 (7.5%) on postoperative day 3. The median (IQR) hospital length of stay was higher in patients who developed AKI: 9.0 days (5.5-19.0 days) versus 7.0 days (4.0-11.0 days), P=0.002. Key differences in perioperative variables in patients with and without AKI are summarised in Table 3 . Multivariable regression modelling demonstrated that the following fluid characteristics were independently associated with the development of AKI within three days postoperatively:
For a given combination of proportions of chloriderestrictive fluids, mean daily fluid amounts and balances, POSSUM morbidity, age, duration and emergency status of surgery, and intraoperative fluid balance, every 5% increase 
001).
For a given combination of proportions of chloride-liberal and restrictive fluids, mean daily fluid balances, POSSUM morbidity, age, duration and emergency status of surgery, and intraoperative fluid balance, every 100 ml increase in mean daily fluid amount was associated with a 6% increase in the instantaneous hazard of AKI censored at three days postoperatively (aHR 1.061, 95% CI 1.047 to 1.075, P <0.001).
For a given combination of proportions of chloride-liberal and restrictive fluids, mean daily fluid amounts, POSSUM morbidity, age, duration and emergency status of surgery, and intraoperative fluid balance, every 100 ml increase in the overall mean daily fluid balance was associated with a 5% decrease in the instantaneous hazard of AKI censored at three days postoperatively (aHR 0.951, 95% CI 0.935 to 0.967, P <0.001).
For a given combination of proportions of chloriderestrictive and liberal fluids, mean daily fluid amounts and balances, POSSUM morbidity, age, duration and emergency status of surgery, every 100 ml increase in intraoperative fluid balance was associated with a 5% decrease in the instantaneous hazard of AKI censored at three days postoperatively (aHR 0.945, 95% CI 0.923 to 0.967, P <0.001).
Regression modelling for time to event, and for the development of AKI is summarised in Table 4 . The observed mean variance inflation factor (VIF) of the regression model presented above was 1.5, indicative of the absence of excessive multicollinearity. On robustness analysis when ASA class was added, there was no qualitative change in the observed associations.
Discussion

Key findings
We conducted a prospective observational study of the relationship between fluid therapy and AKI in patients having major surgery. In this setting, we found that one in 12 patients developed AKI, the majority being KDIGO Stage 1. We also found that a higher overall and intraoperative positive cumulative fluid balance was associated with a lower risk of developing AKI. However, consistent with our hypothesis, after adjustment for the confounding creatininediluting effect of such positive fluid balance on defining the presence or absence of AKI, we still found a significant independent association between the use of chloride-liberal fluid and the total volume of fluid administered and the development of AKI.
Relationship with previous studies
Prevailing evidence from our research group and others, has led to the notion of the "protocolised" perioperative "fluid-restrictive" approach [28] [29] [30] in order to reduce postoperative morbidity, including AKI. In this regard, our findings are consistent with the existing evidence reinforcing a strong association between fluid volume [31] [32] [33] [34] [35] [36] [37] and chloriderich fluid type [38] [39] [40] [41] , and risk of AKI. In this context, our finding that increasing fluid balance was associated with lower risk of AKI is also consistent with previous studies, which have repeatedly highlighted that a positive fluid balance is associated with creatinine dilution, thereby artificially diminishing the number of patients who fulfil creatinine-based consensus criteria for AKI (pseudonormalisation of serum creatinine) 9 . This effect is particularly prominent when AKI stage 1 is the most common type of AKI observed 42 as was the case in our study. 
Study implications
Our study implies that chloride-rich solutions result in worse AKI outcomes compared to chloride-restrictive solutions-consistent with emerging research [38] [39] [40] [41] . Second, it implies that, even after adjustment for fluid balance, greater fluid resuscitation is independently associated with AKI. This association may reflect greater illness severity during and after surgery or the actual adverse effect of the fluids themselves (as supported by the above evidence against chloride-rich fluids), or both. Importantly, these findings emerged despite a rate of AKI of 1 in 15 as described in nonvascular, non-cardiac surgery 44 , compared to a worldwide incidence of AKI of 1 in 5 when cardiac surgery is included 44 . Such a low event context would be expected to have increased the chance of type II error and yet the findings emerged. Finally, and of great importance to all future trials assessing the effect of fluid therapy on AKI, our findings imply that any assessment of the effect of amount and type of fluid given on renal function must be adjusted for the confounding effect of fluid balance on serum creatinine and, therefore, AKI.
Strengths and limitations
Our study has several strengths. We reported data on a relatively large sample size and provided a detailed description of perioperative fluid administration and the associations with AKI in a university teaching hospital. Moreover, we reported on detailed aspects of fluid management practices and type of fluid, to independently investigate the associations between the key operative variables used in our conceptual model and the development of AKI. Finally, we identified several important observations that have clinical and trial design implications. On the other hand, the study also carries some limitations. It was performed at a single centre, which may limit the external validity of our findings. However, our hospital has all the typical characteristics of many tertiary institutions, surgical and anaesthesia protocols are similar to those of any tertiary centres in Australia, and our AKI rates are comparable with the existing literature. Second, the recording, collection, and entering of the data could have been subjected to human error both in terms of interpretation and transcription. However, we consider it unlikely that this had an impact on the outcomes of this study, due to the electronic medical recording systems in place in our institution, comprehensive cross-checks required for data entry, and detailed information provided by the hospital's Clinical Governance Unit, which independently collects and reports all adverse outcomes. In addition, the incidence of AKI that was independently reported by the Clinical Governance Unit, was manually cross-checked with the patients' medical records by two independent investigators, before being graded into KDIGO classification. This allowed for an objective and accurate description and classification of postoperative AKI. We acknowledge that fluid intervention measurements on postoperative days 2 and 3 are more complicated and challenging in the context of the introduction of oral intake and removal of the urinary catheter. Whilst we considered fluid intervention data intraoperatively, on postoperative day 1, and for all patients in a high dependency or intensive care unit to be accurate and precise, we acknowledge that ward-based fluid measurements on postoperative days 2 and 3 are less accurate.
Our study was also limited by incomplete data in the assessment of AKI, which was based on comparing preoperative and postoperative creatinine values and postoperative urine output. In particular one in nine patients did not have complete renal function tests as part of their index hospital admission. This reflects our hospital's normal practices. Accordingly, the true incidence of AKI may be either under-or overestimated. Finally, our findings are not to be considered as causal, as they could be affected by several biases. As no statistically significant association was observed between either the total amount of fluid administered or the amount of chloride-liberal fluid administered and AKI development on univariate analyses (Table 3) , the presence of "collider bias" affecting the results of the multivariable model cannot be excluded. However, considering that the objective of this study was to investigate associations between fluid amount, fluid type and fluid balance, and AKI, our findings are not appropriate for supporting any causal claim; accordingly, the "collider bias" limitation should not affect the correct interpretation of the associative relationship found.
Conclusion
In patients receiving major surgery AKI occurred in approximately one in 12 patients. Greater fluid administration and greater administration of chloride-rich fluid were independently associated with greater risk of AKI after adjusting for the dilution effect of fluid balance on serum creatinine. Our findings imply that fluid balance is a core component of any fluid research study and that adjustments for its effects on serum creatinine are mandatory when AKI is the outcome of interest. They also imply that avoidance of chloride-rich fluids and of excessive fluid administration remain important considerations in the prevention of AKI until evidence from large multicentre randomised controlled trials becomes available to more clearly guide practice in this area.
